Structural and vibrational properties of free base, cationic and hydrochloride species derived from both S(-) and R(þ) enantiomers of antihistaminic promethazine (PTZ) agent have been theoretically evaluated in gas phase and in aqueous solution by using the hybrid B3LYP/6-31G* calculations. The initial structures of S(-) and R(þ) enantiomers of hydrochloride PTZ were those polymorphic forms 1 and 2 experimentally determined by X-ray diffraction. Here, all structures in aqueous solution were optimized at the same level of theory by using the polarized continuum (PCM) and the universal solvation model. As was experimentally reported, variations in the unit cell lead to slight energy, density, and melting point differences between the two forms but, this behavior is not carried through in isotropic condition, like in solution with non-chiral solvents. Hence, the N-C distances, Mulliken, atomic natural population (NPA) and Merz-Kollman (MK) charges, bond orders, stabilization and solvation energies, frontier orbitals, some descriptors and their topological properties were compared with the antihistaminic cyclizine agent. The frontier orbitals studies show that the free base species of both forms in solution are more reactive than cyclizine. Higher electrophilicity indexes are observed in the cationic and hydrochloride species of PTZ than cyclizine while the cationic species of cyclizine have higher nucleophilicity index than both species of PTZ. The presences of bands attributed to cationic species of both enantiomers are clearly supported by the infrared and Raman spectra in the solid phase. The expected 114, 117 and 120 vibration normal modes for the free base, cationic and hydrochloride species of both forms were completely assigned and the force constants reported. Reasonable concordances among the predicted infrared, Raman, UV-Vis and Electronic Circular Dichroism (ECD) with the corresponding experimental ones were found.
Introduction
Species containing in their structures the N-CH 3 group presenting a wide range of pharmacological and medicinal properties such as tropane alkaloids whose known biologics effects can cause from pain cure up to addiction [1, 2, 3, 4, 5, 6, 7] . However, there are another groups of species that also contain that group but that present other different biological properties such as, diphenhydramine and cyclizine, where both species are broadly used in pharmacology as antihistaminic agents [8, 9] . Nevertheless, the most remarkable differences among the free base, cationic and hydrochloride species of those two antihistaminic agents are that in the species derived from diphenhydramine their two N-CH 3 groups are not linked to rings while in the cyclizine species those groups are linked to piperazine rings [8, 9] . Previous theoretical studies on structures and properties of alkaloids have evidenced that when the N-CH 3 group is linked to fused rings as in scopolamine, cocaine and tropane some properties are slightly different from those where the N-CH 3 group is linked to only one ring as in heroin and morphine [1, 2, 3, 5, 6, 7] . Besides, the stabilities of these series of alkaloids are strongly dependent on the N-C distances [6, 7] . On the other hand, the reactivities predicted for the three species of diphenhydramine practically are the same than that reported for cationic form of cocaine [3, 7] while lowest solvation energy value was observed for the free base of cyclizine, as compared with the corresponding to tropane alkaloids [9] . Evidently, there is an important connection between the quantity of N-CH 3 groups and the type of groups linked to N atom, that is, >N-tertiary or >N< quaternary. Consequently, the biological activities and effects of these types of species on human health are obviously resulted of their nature and structural, electronic and topological properties. Hence, the interest to study another antihistaminic agent, in this case promethazine (PTZ) [10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33] , which has two N-CH 3 groups (as diphenhydramine) linked to a chiral carbon and, as a consequence two enantiomeric S and R structures are expected for their three free base, cationic and hydrochloride species. PTZ hydrochloride is a drug used to treatment of nausea, vomiting, and dizziness associated with motion sickness and, besides possesses anti-pruritic, anti-allergic, anticholinergic, antihistaminic, central nervous system depressant, and with general anaesthetics effects. Their metabolic and clinic effects were studied from long time together with their side effects [13, 29, 30, 31, 32, 33] . Some known chemical names of promethazine are proazamine, diphergan, phenargan or phensedyl while its IUPAC name is N,N-dimethyl-1-phenothiazin-10-ylpropan-2-amine. PTZ has structurally two >N-CH 3 groups, three fused six members rings (two phenyl and one phenothiazine) and a chiral carbon and where experimentally Borodi et al [19] have determined by X-ray diffraction two enantiomeric disordered structures of promethazine hydrochloride but, so far, the structural properties and vibrational assignments of those three species of PTZ were not published. The vibrational analyses of the three species of PTZ are actually of great interest and significance taking into account that the infrared, Raman and SERS spectroscopies are practically the most used spectroscopic techniques to identify these species in different systems and preparations [10, 12, 15, 17, 22, 23, 24, 25, 26, 27, 28] . Hence, the aims of this work are: (i) to study the structural, electronic, topological and vibrational properties of free base, cationic and hydrochloride species of S(-) and R(þ)-PTZ, (ii) to find some correlations between their properties that can explain the differences between its biological properties, as compared 
Table 1
Calculated total energies (E), dipole moments (μ) and volumes (V) of three species of S(-) and R(þ)-promethazine in gas and aqueous solution phases. with alkaloids and other antihistaminic agents, (iii) to perform the complete vibrational assignments of those three species of PTZ because, so far, these are not reported. In accordance to previous studies, the infrared spectra of many hydrochloride species show clearly the presence of their cationic forms in the solid phase and in aqueous solution [1, 2, 3, 5, 7, 8] . To achieve those purposes, the theoretical structures of free base, cationic and hydrochloride species of both S(-) and R(þ)-PTZ enantiomers were optimized in gas phase and in aqueous solution by using the hybrid B3LYP/6-31G* method [34, 35] while experimental infrared and Raman spectra available from the literature were used to perform the vibrational analyses [17, 24, 25, 26, 27, 28] . The studies in solution were performed with the integral equation formalism variant polarised continuum method (IEFPCM) because it scheme contemplates the solvent effects while the solvation energies were computed with the universal solvation model [36, 37, 38] . Hence, for those three S(-) and R(þ)-PTZ species, atomic charges, molecular electrostatic potential, bond orders, frontier orbitals and topological properties were calculated together with the harmonic force fields by using the scaled quantum mechanical force field (SQMFF) and transferable scaling factors [39, 40] . Then, the complete assignments for the three species were performed by using the corresponding force fields, internal normal coordinates and the experimental available vibrational spectra of PTZ hydrochloride [41] together with the Molvib program [42] . Taking into account the wide range of biological activities that presents PTZ, the reactivities and behaviours of those three S(-) and R(þ)-PTZ species were predicted in both media by using the frontier orbitals [43, 44] and global descriptors [45, 46, 47, 48, 49, 50, 51, 52, 53] . Finally, the predicted properties of both enantiomeric series of S(-) and R(þ)-PTZ were evaluated and then compared with the available data reported for alkaloids, diphenhydramine and cyclizine [1, 2, 3, 4, 5, 6, 7, 8, 9 ].
Methodology

Ab-initio calculations
The initial structure of S(-) enantiomer of PTZ hydrochloride was that experimental polymorphic form 1 determined by X-ray diffraction by Borodi et al [19] and taken from the available CIF file. The corresponding cationic and free base species were modelled respectively by using the GaussView program [54] where the Cl atom was first removed from that initial structure of PTZ hydrochloride and, later, the H atom. A similar procedure was employed to obtain the three species of R(þ) enantiomer but in this case the structures were built from that experimental polymorphic form 2 determined by X-ray diffraction by Borodi et al [19] . The Revision A.02 of Gaussian program was employed to optimize those six species in both media [55] by using the hybrid B3LYP/6-31G* method [34, 35] . In solution, the three species were optimized by using PCM and SMD calculations [36, 37, 38] while their volumes changes were evaluated with the Moldraw program [56] . In Fig. 1 can be seen the six S(-) and R(þ)-PTZ structures as free base, cationic and hydrochloride together with the atoms labelling and the identifications of their three rings. The solvation energies corrected by zero point vibrational energy (ZPVE) were computed for all species of S(-) and R(þ)-PTZ with the universal solvation model [36, 37, 38] . Besides, atomic natural population (NPA), Mulliken and Merz-Kollman (MK) charges [57] , molecular electrostatic potentials, bond orders and topological properties were calculated by using the NBO program [58] and with the Bader's theory of atoms in molecules (AIM) by using AIM2000 program [59, 60] . On the other hand, the evaluation of reactivities and behaviours of S(-) and R(þ)-PTZ species were performed calculating the gap values [43, 44] and some useful and known global descriptors with the frontier orbitals [45, 46, 47, 48, 49, 50, 51, 52, 53] . The harmonic force fields and force constants in gas phase and in aqueous solution were computed at the B3LYP/6-31G* level by using the normal internal coordinates and transferable scaling factors with the scaled quantum mechanical force field (SQMFF) and the Molvib program [39, 40, 42] . Here, the predicted Raman activities for all species were corrected to intensities by using recommended equations [61, 62] while the scale factors used were those reported for the B3LYP/6-31G* method. At this point, it is necessary to clarify that all studied properties were computed for six S(-) and R(þ)-PTZ species by using only the B3LYP/6-31G* level because they are compared with properties reported at the same level of theory for other species containing N-CH 3 groups, such as alkaloids, diphenhydramine and cyclizine [1, 2, 3, 6, 7, 8, 9] .
Results and discussion
Properties of species of S(-) and R(þ)-PTZ in both media
The structural studies in solution of these species are of great interest because the >N-CH 3 group can present fast N-methyl inversion in this medium, as suggested by Lazni et al [63] . Here, in Table 1 are summarized calculated total uncorrected and corrected by ZPVE energies, dipole moments and volumes (V) of three species of both enantiomers S(-) and Table 2 Corrected and uncorrected solvation energies by the total non-electrostatic terms and by zero point vibrational energy (ZPVE) of three species of S(-) and R(þ)-promethazine by using the B3LYP/6-31G* method compared with other similar species. R(þ)-PTZ in gas and aqueous solution phases by using the B3LYP/6-31G* method. Analyzing deeply the results, it is observed that the total energy values corrected by ZPVE decrease for all species in both media while the dipole moment and volume values increase in solution, as expected because these species are possibly hydrated in solution. The exception is observed only for the cationic form of S(-)-PTZ because the E and V values decrease in solution. Here, the imaginary frequencies obtained for that species could justify clearly these differences. Note that the cationic species of both enantiomers have higher dipole moments in solution while the hydrochloride forms present the higher volumes in both media having the S(-) species slightly the higher values in the two media. In Table 2 can be observed corrected and uncorrected solvation energies by the total non-electrostatic terms and by zero point vibrational energy (ZPVE) of free base, cationic and hydrochloride species of S(-) and R(þ)-PTZ by using the B3LYP/6-31G* method. The variations observed experimentally in the unit cell lead to small displacements of the molecules in the crystal structures and, consequently, to slight energy, density, and melting point differences between the forms. Note that these obtained values are closer to those observed in the study of interaction of gelatin with promethazine hydrochloride [64] . These values are compared in the same table with morphine, cocaine, scopolamine, heroin and tropane alkaloids and with cyclizine [1, 2, 3, 4, 5, 6, 7, 9] . In particular, due to the imaginary frequencies predicted for the cationic form of cyclizine in solution the value for cyclizine was obtained by using B3LYP/6-31þG* calculations while for S(-)-PTZ in solution the value of -14,48 kJ/mol was obtained directly from Table 1 . The ΔG c values for the three species of tropane were calculated in this work. Fig. 2 shows clearly the variations of ΔG c for all compared species by using the solvation model [38] . In general, it is observed that all cationic species have more negative values while the free bases the less negative values. The cationic forms of morphine, scopolamine and heroin have the most negative values while the S(-) form of PTZ the most low ΔG c value. Probably, this resulted change if other basis set is used. Interesting results are observed for cyclizine (-244,36 kJ/mol) and tropane (-244,33 kJ/mol) because their cationic forms have practically the same values. In both species, the N-CH 3 groups are linked to rings, in cyclizine to piperazine ring while in tropane a two fused piperidine and pyrrolidine rings. The heroin hydrochloride species present the most negative ΔG c value while the R(þ)-PTZ the lower value. On the other hand, the free base of heroin presents the most negative ΔG c value while the tropane species the lowest value. Evidently, the acetyl groups in heroin increase the solvation energies of their three species, as compared with morphine. Obviously, these comparisons show easily why the hydrochloride species are highly used in pharmacology, as compared with their free base and cationic ones. Besides, the hydrochloride species in solution are in their cationic forms and show clearly high solubility in this medium. Evidently, the solubility limits visibly the drug absorption, as mentioned by Bohloko studying the formulation of an intranasal dosage form for cyclizine hydrochloride [65] .
Geometries of species of S(-) and R(þ)-PTZ in both media
Calculated geometrical parameters for three species of S(-) and R(þ)-PTZ in both media are compared with the corresponding experimental polymorphic forms 1 and 2 [19] in Tables 3 and 4 , respectively by using the root-mean-square deviation (RMSD) values. Despite theoretical B3LYP/6-31G* calculations show visibly overestimated values, as compared with the corresponding experimental ones, the results for all species of S(-)-PTZ forms show very good correlations for bond lengths (0.020-0.012 Å) but the three species of R(þ)-PTZ evidence the better correlations for bond (1.7-1.3 ) and dihedral angles (6.1-3.7 ) than the S(-) ones. On the other hand, the higher differences in dihedral angles are predicted for the three species of S(-) form (176.1-137.9 ), as can be seen in Table 3 . Here, it is necessary to remember that those two polymorphic conformations found by Borodi et al [19] are experimentally the same where the two forms are present in the unit cell but our theoretical calculations show slight differences in the dihedral angles of both S(-) and R(þ)-PTZ forms. Thus, the calculated bonds N2-C6 and N2-C7 lengths of phenothiazine rings belong to the three species of both S(-) and R(þ) enantiomers are practically predicted with same values but different from the bond N2-C5 lengths of side chain. In the same way, the calculated S1-C9 bonds of phenothiazine rings are approximately the same than the S1-C10 bonds while the predicted N3-C11 bonds are practically the same than the N3-C12 bonds. The predicted values for both pairs bonds are different from the corresponding experimental ones. Another interesting comparisons are observed in the average bond N-C lengths of the N-CH 3 groups belonging to the three species of S(-) and R(þ)-PTZ with those observed for cyclizine, morphine, heroin, cocaine, scopolamine and tropane where the results in gas phase and in aqueous solution by using B3LYP/6-31G* calculations can be seen in Table 5 . Here, due to the presence of two N-CH 3 groups the average of N-C distances between both groups were considered. In Fig. 3 are easily observed the behaviours of N-C distances of all compared species in both media. In gas phase, the comparisons between the free base and cationic species show that cationic form of cyclizine has the lowest value (1.453 Å) while the highest value is observed in the cationic species of R(þ)-PTZ (1.508 Å). In solution, it is observed that the free base species have low values and different from the hydrochloride ones. Evidently, the presence of charged cationic species and electronegative Cl atoms in all hydrochloride species produce increase in the N-C distances. The tropane hydrochloride has the shorter value while the species corresponding to R(þ)-PTZ the higher value.
Atomic charges, molecular electrostatic potentials and bond orders
Mulliken, Merz-Kollman (MK) and atomic natural population (NPA) charges, molecular electrostatic potentials (MEP) and bond orders (BO), expressed as Wiberg indexes were calculated for the three forms of S(-) and R(þ)-PTZ in gas phase and in aqueous solution by using B3LYP/6-31G* calculations. The resulted only for the S1, N2, N3, C8, C11 and Table 3 Comparison of calculated geometrical parameters for three species of S(-)-promethazine in both media with the corresponding experimental ones. C12 atoms can be seen in Table 6 because these atoms present the higher variations in all species while the behaviours of MK charges on these atoms are represented in Fig. 4 . Analyzing first the MK charges for the free base species of S(-) and R(þ)-PTZ we observed from Fig. 4 that: (i) the MK charges on the N2, C8 and C11 atoms of all free base species undergoes important changes, presenting the highest change on N2 of free base of R(þ)-PTZ in solution and (ii) the charges on the S1, N3 and C12 atoms of all species in both media have practically the same values.
In the cationic species, the lower MK charges values are observed on those five atoms of S(-)-PTZ in gas phase while on N2 atoms of R(þ) species in the two media are observed the higher changes. Different behaviours are observed on the MK charges of those five atoms corresponding to the hydrochloride species in both media. Hence, the charges on the N3 atoms have the higher values, as expected due to the presences in these species of electronegative Cl atoms. The Mulliken charges on those five atoms of free base species show practically the same behaviours but, in particular, on the N2 and C8 atoms are observed the most negative values while the NPA charges on C8 atoms of free base, cationic and hydrochloride species show the lower values in both enantioners. The Mulliken charges in the cationic and hydrochloride species present basically the same behaviours but on the N2 atoms are observed the lower values. The bond orders (BO) expressed as Wiberg indexes in the three species of both enantiomers in the two media have approximately the same values and behaviours, observing the higher values in the C8, C11 and C12 atoms and the lower values in the S1 atoms. In general, higher values Table 4 Comparison of calculated geometrical parameters for three species of R(þ)-promethazine in both media with the corresponding experimental ones. The letters bold indicated RMSD values. a This work. b Ref [19] .
are observed for the N2 atoms of the free base and hydrochloride species of both S(-) and R(þ)-PTZ in the two media than for the N3 atoms and only in the cationic species are observed higher values in the N3 atoms. The molecular electrostatic potentials (MEP) presented in Table 6 show practically the same values and behaviours in the three species of both enantiomers, however, when the surfaces of these species are mapped the colorations show important differences among them, as can be seen in Fig. 5 . Thus, the cationic species of both enantiomers in gas Table 5 Bond lengths observed between the N and C atoms of the N-CH 3 bonds belonging to the three S(-) and R(þ)-promethazine species in gas phase and in aqueous solution by using B3LYP/6-31G* calculations. phase show blue colours on the entire surface but, in particular, strong blue colours it is observed on the protonated N-H region. In the free base species the strong red colours are observed on the N3 atoms and S1 atoms while in the hydrochloride species the strong red colours are observed on the Cl atoms. Hence, the typical nucleophilic sites are clearly identified with red colours while the electrophilic sites with blue colours, as observed in other species [6, 7, 8, 9] .
NBO study
For the three species of both S(-) and R(þ)-PTZ enantiomers the main delocalization energies in gas and aqueous solution were calculated by Table 6 Mulliken, Merz-Kollman and NPA charges, molecular electrostatic potentials (MEP) and bond orders, expressed as Wiberg indexes for three forms of S(-) and R(þ)-promethazine in gas phase and in aqueous solution by using B3LYP/6-31G* calculations. using B3LYP/6-31G* calculations with the NBO program [58] . The resulted for the three species of S(-) and R(þ)-PTZ are summarized in Tables 7 and 8 , respectively. Different interactions can be observed in the three species and, especially in the hydrochloride species due to the presence of Cl atoms where in particular, the π*→π* and π→π* interactions present the higher values in the S(-) and R(þ)-PTZ forms, respectively. Thus, the free base (3509.36-3522.22 kJ/mol) and hydrochloride (6253.53-5840.28 kJ/mol) species present higher total energies than the cationic ones (1541.01 kJ/mol) and, for these reasons, these two species are most stable than the cationic ones. However, the hydrochloride species of R(þ)-PTZ have higher values in both media than the corresponding to other enantiomer (7527.88-7332.02 kJ/mol). Nevertheless, the free base of R(þ)-PTZ present lower values than the corresponding to S(-)-PTZ (3484.4-3193.04 kJ/mol) while the cationic form of R(þ)-PTZ is most stable than the corresponding to S(-)-PTZ (1540.08-1612.71 kJ/mol). These studies shows clearly that the hydrochloride species are most stable than the other two species of both forms and in the two media studied but, in particular the species of R(þ)-PTZ show higher total energy values evidencing a slight higher stability than the S(-) one. The three PTZ species show higher stabilities Fig. 4 . Calculated Merz-Kollman charges of free base, cationic and hydrocloride species of both S(-) and R(þ) enantiomers of promethazine by using the B3LYP/6-31G* method.
than the corresponding to cyclizine [9] .
AIM studies
According to the Bader's theory the topological properties are interesting parameters to predict different types of interactions, such as intra or inter-molecular, ionic and hydrogen bonds interactions [59] . Hence, these properties can be easily computed in the bond critical points (BCPs) and in the ring critical points (RCPs) with the AIM2000 program [60] .
Here, the electron density, ρ(r), the Laplacian values, r 2 ρ(r), the eigenvalues (λ1, λ2, λ3) of the Hessian matrix and, the jλ1j/λ3 ratio calculated by using the B3LYP/6-31G* method for the three forms of both S(-) and R(þ)-PTZ enantiomers can be observed from Tables 9, 10 and 11. Note that the ionic and hydrogen bonds interactions are observed when λ1/λ3< 1 and r 2 ρ(r) > 0 [9] . Here, RCPN1, RCPN2 and RCPN3 are new RCPs formed as a consequence of C⋯H and H⋯H interactions while RCP1, RCP2 and RCP3 are RCPs corresponding to the R1, R2 and R3 rings, as defined in Fig. 1 . In all species, the topological properties of RCP1 and RCP3 are practically the same in the two phenyl rings but different from RCP2 because this ring is the phenothiazine ring. First, analyzing the free bases species of both enantiomers, we observed that S(-)-PTZ present two C14⋯H21 and H⋯H interactions in both media but the involved atoms change of H24-H32 in gas phase to H23-H33 in solution. In R(þ)-PTZ, the free base presents in gas phase the C14⋯H21 and H22⋯H31 interactions while in solution are observed three different H⋯H interactions. In the cationic species of S(-)-PTZ are not observed interactions while in R(þ)-PTZ is observed a H⋯H interaction in gas phase while in solution are observed two C⋯H and a H⋯H interactions. The hydrochloride species of S(-)-PTZ present two interactions in gas phase and three different in solution while in the R(þ)-PTZ enantiomer in gas phase (Table 11 ) are observed five interactions and only three in solution. In the hydrochloride species the Cl⋯H are ionic interactions where in S(-)-PTZ the Cl-H distances are 1.716 Å in gas phase and 2.032 Å in solution while in R(þ)-PTZ the distances change to 1.748 Å in gas phase and 2.029 Å in solution. Evidently, both hydrochloride species are the most stable due to the higher values of their topological properties. These results are in agreement with those analyzed by NBO studies. The hydrochloride species of both forms of PTZ reveals higher stabilities than the corresponding to cyclizine [9] .
Frontier orbitals and global descriptors studies
To predict reactivities and behaviours of both S(-) and R(þ)-PTZ forms are of interest to understand why the presence of two N-CH 3 groups in their structures present the same biological activities than cyclizine despite those two groups in PTZ are not linked to rings. Hence, from the frontier orbitals and their differences is possible to compute the gap values [43, 44] and later, by using known equations the chemical potential (μ), electronegativity (χ), global hardness (η), global softness (S), global electrophilicity index (ω) and global nucleophilicity index (Е) descriptors can be calculated by using the hybrid B3LYP/6-31G* level of theory [45, 46, 47, 48, 49, 50, 51, 52, 53] . The gap and descriptors values for both PTZ enantiomers in the two media are presented in Table 12 . The evaluation of gap values for the three species show easily that the hydrochloride species of both S(-) and R(þ)-PTZ forms in solution have low gap values and, for these reasons, the two species are more reactive but the S(-) form is most reactive than the R(þ)-PTZ one, as expected because this latter form presents higher stability by NBO analysis (>Total energy). Moreover, the free base and cationic species of S(-) form are most reactive than the corresponding to the R(þ) form. Comparisons of these results with the observed for similar species containing N-CH 3 groups, as scopolamine, heroin morphine, cocaine, tropane and cyclizine are presented in Table 13 while their behaviours can be seen in Fig. 6 . This figure shows that the hydrochloride species of cocaine in both media present the lower gap values and, obviously, are the most reactive species while in all media the tropane species are the less reactive being, the cationic one in gas phase the less reactive. Note that the free base and cationic species of two forms of PTZ are most reactive than the corresponding to cyclizine, however, the hydrochloride species of cyclizine is most reactive than both forms of PTZ. If now the descriptors are analyzed it is observed from Table 12 that the three species of S(-)-PTZ have higher electrophilicity indexes than the corresponding to R(þ) form while, on the contrary, the species of R(þ) form have higher nucleophilicity indexes than the species of S(-)-PTZ. The only exception is the hydrochloride species in gas phase of S(-) form because it present a higher value (-7.6061 eV) than the corresponding to R(þ) form (7.1020 eV). If both electrophilicity and nucleophilicity indexes of the two S(-) and R(þ)-PTZ are compared with other species from Table 14 the behaviours can easily be seen in Fig. 7 . Higher electrophilicity indexes are observed in the cationic and hydrochloride species of PTZ than cyclizine while the cationic species of cyclizine have higher nucleophilicity index than both species of PTZ. The higher electrophilicity indexes are observed for all cationic forms in gas phase and, in particular, for cocaine while tropane in both media presents the lowest values. In relation to nucleophilicity indexes, the cationic species of tropane in gas phase presents the highest negative value indicating probably that for these two Table 7 Main delocalization energies (in kJ/mol) for three species of S(-)-promethazine in gas and aqueous solution by using B3LYP/6-31G* calculations. reasons, this species is the less reactive than the other ones (see Table 13 ).
Vibrational study
B3LYP calculations have optimized the three species of S(-) and R(þ)-PTZ forms with C 1 symmetries. The normal vibration modes expected for the free base, cationic and hydrochloride species are respectively 114, 117 and 120 and, where all modes are active, in both spectra. The experimental available infrared and Raman spectra for promethazine hydrochloride were taken from Refs [10] and [66] . The experimental IR from Ref [66] was compared with the corresponding predicted for the three species of both enantiomers in Fig. 8 while the comparisons of the corresponding predicted Raman spectra with the experimental one are given in Fig. 9 . Evidently, the hydrochloride forms of both enantiomers are not present in the experimental IR spectrum because the predicted intense IR bands of both S(-) and R(þ) forms at 1625 and 1713 cm À1 respectively are not observed in the experimental one with the same intensities. Besides, the predicted IR spectra in the 2000-500 cm À1 region show strong differences between the intensities of IR bands at 1459 and 759 cm À1 in the three species of both S(-) and R(þ)-PTZ enantiomers but when only the average of cationic forms by using frequencies and Table 9 Analysis of the Bond Critical Points (BCPs) and Ring critical point (RCPs) for three species of S(-)-promethazine in gas and aqueous solution by using the B3LYP/6-31G* method. 
Table 10
Analysis of the Bond Critical Points (BCPs) and Ring critical point (RCPs) for free base and cationic species of R(þ)-promethazine in gas and aqueous solution by using the B3LYP/6-31G* method. 
Table 11
Analysis of the Bond Critical Points (BCPs) and Ring critical point (RCPs) for three species of R(þ)-promethazine in gas and aqueous solution by using the B3LYP/6-31G* method. intensities Lorentzian band shapes for a 1:1 population ratio of each species the ratio between those two bands decreases notably, as shown in Fig. 10 . Note that in the higher wavenumbers region the predicted IR spectra for both cationic species are similar to the corresponding experimental ones. Hence, it is evident the presence of both cationic species of S(-) and R(þ)-PTZ in the solid phase, as revealed by Borodi et al [19] . The normal internal coordinates, the SQMFF methodology [39] and the Molvib program [42] were used to calculate the harmonic force fields in order to perform the complete vibrational assignments of all species of DHC. The scale factors used were those reported in the literature [40] . In Table 15 are presented the experimental and calculated wavenumbers together with the assignments of three species of S(-) and R(þ)-PTZ forms, respectively. Below, discussions of assignments for some groups are presented.
3.7.1. Band assignments 3.7.1.1. N-H modes. For both PTZ forms, the NH stretching modes are expected only for the cationic and hydrochloride species. For instance, in monomer and dimer of clonidine hydrochloride [67] these modes are assigned at 3427/3341 and 2584cm
À1
, respectively while in those two forms of diphenhydramine [8] these modes are predicted respectively at 3150 and 1748 cm
. Here, in the cationic and hydrochloride species of S(-) form of DHC these modes are predicted to 3295 and 1638 cm À1 and in the R(þ) form they are predicted to 3273 and 1713 cm
. Then, they can be assigned in the same region. Here, the group of bands observed in IR spectrum of DHC between 2800 and 2200 cm À1 with a strong band centered at 2370 cm À1 could be assigned to the N-H stretching modes due to H bonds, as was also reported for clonidine hydrochloride [67] . The N-H rocking modes for both cationic and hydrochloride forms are predicted in different regions, as observed in Table 15 . Later, these modes are assigned in accordance. The torsion τN3-H41 modes expected only in both hydrochloride forms are predicted by calculations to 105 and 70 cm À1 and they cannot be assigned because there are not observed bands in this region.
CH modes.
In the three species of both S(-) and R(þ)-PTZ enantomers, eight aromatics C-H stretching modes are expected and only one stretching mode (C4-H21) with aliphatic characteristic. Hence, they are predicted by the SQM/B3LYP/6-31G* calculations in different regions. Evidently, the aromatics modes are assigned at higher Table 12 Frontier molecular HOMO and LUMO orbitals , gap values and descriptors for the three species of S(À) and R(þ)-promethazine (in eV) in gas and aqueous solution by using the B3LYP/6-31G* level of theory. 
Table 13
Frontier molecular HOMO and LUMO orbitals and gap values for the three species of S(-) and R(þ)-promethazine compared with other species in gas and aqueous solution phases by using the B3LYP/6-31G* level of theory. [7] . c From Ref [5] . d From Ref [1] . e From Ref [3] . f From Ref [2] . g From Ref [9] .
wavenumbers than the other ones, as shown in Tables 15 and 16 . Besides, the in-plane deformation or rocking and out-of-plane deformation modes expected only for these C-H aromatics are predicted respectively between 1489/1120 and 987/745 cm À1 . Hence, they can be assigned in these regions. These modes in carquejol [50] are assigned between 1483/1121 and 972/746 cm À1 .
3.7.1.3. CH 3 modes. The three species of both S(-) and R(þ)-PTZ enantiomers present three CH 3 groups, where two of them are linked to N3 atoms and the other one to C4 atoms. Then, these modes are predicted in Fig. 6 . Calculated gap values of free base, cationic and hydrocloride species of both S(-) and R(þ) enantiomers of promethazine in both media by using the B3LYP/6-31G* method compared with reported values for alkaloids and antihistaminic agents.
Table 14
Global electrophilicity(ω) and nucleophilicity (E) indexes for the three species of S(-) and R(þ)-promethazine compared with other species in gas and aqueous solution phases by using the B3LYP/6-31G* level of theory. [7] . c From Ref [5] . d From Ref [1] . e From Ref [3] . f From Ref [2] . g From Ref [9] . different regions and, thus, they can be easily assigned in accordance to the calculations. In carquejol [50] these stretching modes are assigned between 3031 and 2919 cm À1 while in this case these modes are assigned to the IR and Raman bands between 3411 and 2747 cm À1 . Note that the symmetrical stretching modes corresponding to CH 3 groups linked to N3 atoms of two free base species of both S(-) and R(þ)-PTZ are predicted at lower wavenumbers and, hence, they are assigned to the IR bands at 2824 and 2747 cm
À1
. The CH 3 deformation, rocking and twisting modes in carquejol [50] are respectively assigned between 1587/1436, 1084/1026 and 220/171 cm
. Here, those three vibration modes are assigned to the IR and Raman bands to 1500/1340, 1289/902 and 267/154 cm
. These latter modes between 178 and 154 couldn't be assigned due to that there are not observed bands in these regions.
3.7.1.4. CH 2 modes. All PTZ species have only one CH 2 group, for which, the expected antisymmetrical and symmetrical stretching, deformation, wagging, rocking and twisting modes are clearly assigned as predicted by the calculations. For the free base and hydrochloride species of R(þ)-PTZ the antisymmetrical modes are predicted at higher wavenumbers than the other species of S(-) form, hence, those modes are assigned to the groups of IR and Raman bands at 3037/2872, 1470/ 1433, 1421/1387, 1354/1247 and 817/808 cm À1 . Those vibration modes of the two CH 2 groups of Carquejol are assigned in approximately the same regions [50] .
3.7.1.5. Skeletal modes. In the three species of both S(-) and R(þ)-PTZ enantiomers are very important the N3-C11 and N3-C12 stretching modes because their corresponding bonds are predicted by B3LYP/6-31G* calculations longer than the corresponding to N3-C4 bonds, as was experimentally observed by X-ray diffraction [19] . Therefore, the strong IR bands at 1012, 987, 955 and 893 cm À1 could be associated to the N3-C11 and N3-C12 stretching modes. Note that the IR band of Fig. 7 . Calculated electrophilicity indexes of free base, cationic and hydrocloride species of both S(-) and R(þ) enantiomers of promethazine in both media by using the B3LYP/6-31G* method.
medium intensity at 1256 cm À1 could be also attributed to the N3-C4 stretching mode of free base of S(-)-PTZ while the strong IR band at 1189 cm À1 could be assigned to the N3-C11 stretching mode of free base of that form. Moreover, the very strong IR band at 759 cm À1 and the band at 893 cm À1 could be associated to N3-C4 stretching modes of both forms. The IR bands at 1128, 1208 and 1105 cm À1 could be assigned to other N-C stretching modes (N2-C5, N2-C6 and N2-C7) expected for all species of PTZ because the calculations predicted these modes in those regions. The C¼C stretching modes are usually assigned between 1680 and 1659 cm À1 [1-3,5-9,45,47-50,52,53,67]; thus, the strong IR bands at 1558 cm À1 is without difficulty associated to these vibration modes of three species of both enantiomeric forms. Here, a very important result is the very strong Raman band observed at 1027 cm À1 which is attributed to C-C stretching modes of both phenyl rings of both forms, as was reported for identification of PTZ by Assi [22] . In the IR spectrum that band is observed with medium intensity at 1034 cm
. The two C9-S1 and C10-S1 stretching modes expected in all species of both enantiomers can be associated to the IR band of medium intensity at 423 cm À1 because all species, with exception of free base of S(-) form, are predicted in this region. In the free base of S(-) form the C9-S1 stretching mode is predicted at 1080 cm À1 coupled with the N2-C5 stretching mode. The remaining skeletal modes including the deformation and torsion modes of both phenyl rings are assigned in the regions predicted by SQM calculations and according the assignments for similar compounds [1, 2, 3, 5, 6, 7, 8, 9, 45, 47, 48, 49, 50, 52, 53, 67] , as detailed in Table 15 . Fig. 8 . Experimental infrared spectrum of hydrocloride promethazine compared with the corresponding predicted for the free base, cationic and hydrochloride species of both S(-) and R(þ) enantiomers by using B3LYP/6-31G* level of theory. Fig. 9 . Experimental Raman spectrum of hydrocloride promethazine compared with the corresponding predicted for the free base, cationic and hydrochloride species of both S(-) and R(þ) enantiomers by using B3LYP/6-31G* level of theory. Fig. 10 . Experimental infrared spectrum of hydrocloride promethazine compared with the corresponding average predicted for the cationic species of both S(-) and R(þ) enantiomers by using frequencies and intensities Lorentzian band shapes for a 1:1 population ratio of each species at B3LYP/6-31G* level of theory. ) and assignments for the three species of S(-) and R(þ)-promethazine in gas phase by using B3LYP/6-31G* level of theory. 
Force fields
Both S(-) and R(þ)-PTZ enantiomers have evidenced differences in the positions of IR bands because differences in their geometrical parameters are observed. Hence, it is necessary to investigate if the harmonic force constants present some changes since these parameters are also strongly dependent of their structures. Hence, the force fields for all species of both forms are calculated in gas phase by using B3LYP/6-31G* level of theory. These parameters are compared in Table 16 with the reported for the three species of cyclizine [9] . In general, the force constants for the R(þ)-PTZ enantiomer have higher values than the corresponding to the S(-) form. Comparing the f(νN-H) force constants of all species, we observed that the cationic species of both forms of PTZ and cyclizine are higher than the hydrochloride ones because the presence of electronegative Cl atoms linked to H atoms generate a enlargement of N-H bonds with the consequent reduction of their f(νN-H) force constants. Note that in hydrochloride cyclizine the presence of N-CH 3 group linked to two rings produces a higher value in its force constant (4.61 mdyn Å À1 ), as compared with both forms of PTZ. Probably, for this same reason, the f(νN-CH 3 ) force constants of free base and cationic species of cyclizine have higher values than the corresponding to PTZ. On the other hand, the hydrochloride species of R(þ) has higher value than the other ones because the distances observed for both N-CH 3 groups are lower in the R(þ) form than the S(-) one, as observed in Tables 3 and 4. Note that the f(νC-H) force constants corresponding to the aromatic rings in general are higher in all species than the aliphatic ones and, moreover, these values are similar to those published for the species of diphenhydramine [8] . The remaining constants have similar values in the two compared species, as is observed in Table 16 .
Ultraviolet-visible spectrum
The electronic spectra of free base, cationic and hydrochloride species of both S(-) and R(þ)-PTZ enantiomers were predicted in aqueous solution with the TD-DFT method and the Gaussian program [55] by using the B3LYP/6-31G* level of theory. The experimental UV-Vis spectrum of a racemic mixture of hydrochloride species of both enantiomers in ethanol solution was taken from Ref. [68] where in each enantiomer it is observed one intense band at c. a. 250 nm and where one of them is slightly most intense than the other one. In all theoretical spectra are observed one intense band, whose positions are respectively in free base, cationic and hydrochloride species of S(-) form at 247.0 (shoulder at 283.2 nm), 290.8 and 290.2 nm while and in the R(þ) form the positions of those bands change at 245.7 (shoulder at 280.0 nm), 292.7 and 284.4 nm, respectively. The shifting of the bands observed in the experimental UV spectra from 250 to 290 nm, in relation to the theoretical ones, can be attributed to the different solvents. All UV spectra are compared in Fig. 11 with the corresponding experimental one. Here, it is evident that the free base species of both forms are protonated, as suggested by the shoulders at higher wavelengths and closer to the values for the cationic species. Also, the proximities between the maxima of both hydrochloride forms show that these species are as cationic species. Hence, these spectra evidence clearly the presence of both cationic S(-) and R(þ) forms in solution.
Obviously, the π→π* transitions due to the C¼C double bonds justify the intense bands observed in the experimental spectra, as supported by NBO calculations.
Electronic circular dichroism (ECD)
The experimental ECD spectrum of hydrobromide prometazine was taken from Ref [66] which shows two bands with opposite polarity, one of them with cotton effect and the other one positive. This ECD spectrum is similar to that recorded in the 190-240 nm region by Rub et al. in the study of interaction of gelatin with promethazine hydrochloride [64] . On the other hand, the predicted ECD spectra for the free base of R(þ) shows one positive band while in the S(-) form one negative in the same position. In the same region, in the cationic species of R(þ) form can be observed two bands one positive and other negative while in the S(-) form two bands negative. The hydrochloride species of S(-) and R(þ) forms show one band positive and two negative in different positions, hence, these forms evidently are not present in the experimental spectrum in solution. Here, only the predicted ECD spectra in solution for the cationic species of both enantiomers present similarity with the experimental one, for which, both species are present in a racemic sample of hydrochloride promethazine in aqueous solution. Then, the two negative and positive bands observed in the experimental spectrum at 250 nm could be assigned to π→π* transitions.
Table 16
Scaled internal force constants for the free base, cationic and hydrochloride species of S(-) and R(þ)-prometazine in gas phase by using the B3LYP/6-31G* method compared with the corresponding to cyclizine. 
Conclusions
In this work, the molecular structures of free base, cationic and hydrochloride species of both S(-) and R(þ)-enantiomers of promethazine antihistaminic agent were theoretically studied in gas phase and in aqueous solution by using the hybrid B3LYP/6-31G* method. The initial structures of S(-) and R(þ) enantiomers of PTZ hydrochloride were those polymorphic forms 1 and 2 experimentally determined by X-ray diffraction. In solution, all species were optimized with the SCRF methodology by using the PCM and SD models. The corrected solvation energies (ΔG c ) by the total non-electrostatic terms and by zero point vibrational energy (ZPVE) were computed for all species showing the higher value the cationic species of R(þ) form. The comparisons of geometrical parameters with the corresponding experimental ones have showed slight differences in the dihedral angles of both S(-) and R(þ)-PTZ forms that later they are evidenced in the different vibrational assignments of their infrared and Raman spectra and in the calculated force constants. Here, the studied MK, Mulliken and NPA charges have evidenced variations in the three species of both enantiomers observing the higher MK charges on N2 atoms of the cationic species of R(þ) species in the two media. The cationic and hydrochloride species present basically the same behaviours in the Mulliken charges where the lower values are observed on N2 atoms. The mapped surfaces MEP have clearly evidenced nucleophilic sites in the free base on the N3 and S1 atoms and in the hydrochloride species on the Cl atoms. The NBO and AIM studies reveal clearly that the hydrochloride species are most stable than the other two species of both forms and in both media and, in particular, the species of R(þ)-PTZ evidence a slight higher stability than the S(-) one. The frontier orbitals studies show that the free base species of both forms in solution are more reactive than cyclizine. Higher electrophilicity indexes are observed in the cationic and hydrochloride species of PTZ than cyclizine while the cationic species of cyclizine have higher nucleophilicity index than both species of PTZ. The predicted infrared, Raman, UV-Visible and ECD have showed a reasonable concordance with the corresponding experimental available spectra. The presences of cationic species of both enantiomers are clearly supported by the infrared, Raman, UV-Vis and ECD spectra. The increase in the volume of cationic and hydrochloride species in solution could suggest the H bonds formation, as supported by AIM study. The force fields were computed by using the SQMFF approach and Molvib program which were used to perform the complete vibrational analysis. Here, the 114, 117 and 120 vibration normal modes expected for the free base, cationic and hydrochloride species were assigned and the force constants reported and compared with other reported from the literature.
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